LHC already probed and excluded most of the parameter space of the Constrained Minimal Supersymmetric Standard Model allowed by previous experiments. Only about 0.3% of the CMSSM parameter space survives. This fraction rises to about 0.9% if the bound on the Higgs mass can be circumvented.
Introduction
When LEP started 20 years ago, the main topic of high-energy physics was finding the right supersymmetric unified model, its embedding in string theory and understanding how it predicts a zero cosmological constant.
But supersymmetry was not found and LEP opened a "little hierarchy problem" [1, 2] : experimental bounds on sparticle masses made difficult to fully solve the higgs mass hierarchy problem. Furthermore, cosmological observations strongly suggested a small but non-zero cosmological constant [3] , opening a new hierarchy problem with no known solution. Now LHC is starting and its most fundamental goal is telling why the the weak scale is much below the Planck scale: is it small due to some natural reason (as many theorists expect) or for some other "unnatural" reason (such as anthropic selection in a multiverse)?
Supersymmetry remains the main candidate natural solution to the weak scale hierarchy problem. The CMS and ATLAS collaborations published the first results of searches for supersymmetric particles looking at events with jets and missing energy, without and with a lepton, first in data at √ s = 7 TeV with 35/pb of integrated luminosity [4] , later increased to about 1.1/fb [5] .
Supersymmetry was not found in such LHC data, and the LHC collaborations produced bounds in the CMSSM model: degenerate squarks and gluinos must be typically heavier than up to 1.1 TeV (see fig. 2 below) . This is significantly stronger than previous bounds.
Again, the main implications of such negative experimental searches concerns naturalness, which is the heart of the main question: is the weak scale naturally small? 
Naturalness
To illustrate the naturalness problem of the CMSSM model we recall that it predicts the Z mass to be
where M 3 ≈ 2.6M 1/2 is the gluino mass, M 1/2 and m 0 are the unified gaugino and scalar masses at the unification scale; the µ term is renormalized at the weak scale, and · · · denotes the m 2 0
and µ 2 terms. We here assumed tan β = 3 and A 0 = 0, such that the top Yukawa coupling renormalized at the unification scale is λ t (M GUT ) ≈ 0.5. Eq. (1) means that the natural sparticle scale is M 1/2 ∼ m 0 ∼ µ ∼ M Z and that an accidental cancellation by a part in ≈ 100 is needed if M 3 > 1.1 TeV.
Eq. (1) can be used to fix the overall SUSY mass scale, such that the CMSSM model has two free adimensional parameters: the ratios M 1/2 /µ and m 0 /µ (tan β = 3 and A 0 = 0 are for the moment kept fixed). Such parameter space is plotted in fig. 1: • The light-gray regions are theoretically excluded because the minimum of the potential is not the physical one: in the left region one would have M 2 Z < 0 which means that the true minimum is at v = 0; in the bottom-right region the potential is unstable when the two higgses have equal vev.
• The red region in the middle is theoretically allowed, but has now been experimentally excluded. The darker red shows the new region probed and excluded by LHC with respect to the previous LEP bounds, approximated to be M 2 > 100 GeV.
• The green region is allowed. Indeed it is close to the boundary where M Z = 0 and thereby has M Z m 0 , M 1/2 , µ. . Right: "naturalness probability distribution" for the gluino mass in the CMSSM. Only its tail was allowed after LEP, and the tail of the tail remains allowed after first LHC data.
The smallness of the allowed region is a manifestation of the "little hierarchy problem".
We now relax the restriction on A 0 and tan β (or equivalently B 0 ) and study naturalness proceeding along the lines of [1] , as briefly summarized below.
We randomly scan the full theoretically allowed adimensional parameters of the model (the adimensional ratios between m 0 , M 1/2 , µ, A 0 , B 0 as well as the top Yukawa coupling λ t , all renormalized at the unification scale) determining the overall SUSY mass scale and tan β from the potential minimization condition. Thanks to the last step, we sample the full CMSSM parameter space according to its natural density (rare accidental cancellations that make sparticles heavy happen rarely). We compute how rare are the still allowed sparticle spectra, as in [1] that claimed that only 5% of the CMSSM parameter space survived to LEP.
More precisely we perform the following scan
and verify that it gives results similar to other possibilities such as
or as
where the pedices 'lin' and 'log' respectively denote a flat probability distribution in linear or logarithmic scale within the given range. More formally, this is a Monte Carlo Bayesian technique that starts with an arbitrary non-informative prior probability density function (implicitly defined by the 'random scans' in experimental fraction of surviving CMSSM parameter space bound any m h m h > 100 GeV m h > 110 GeV LEP 10% 4% 1% LHC 0.9% 0.5% 0.3% Table 1 : Fraction of the CMSSM parameter space that survives to the various bounds.
eq.s (2) to (4)) and gives a set of points in parameter space with probability density roughly equal to the inverse of the various fine-tuning measures proposed to approximate the naturalness issue [6] . The above procedure makes no use of any fine-tuning parameter, and automatically takes into account all fine-tunings: not only the one needed to have M Z m 0 , M 1/2 , µ, but also the one needed to have tan β 1, or the fine-tuning on λ t that can give a small or even negative m A technical detail. The MSSM minimization equations generalize eq. (1) taking into account one loop corrections to the potential. To understand their relevance, we recall that at tree level the higgs mass is predicted to be m tree h ≤ M Z cos 2β, while at loop level it can be above the experimental limit m h > 114 GeV. The effect of minimizing the one loop potential (rather than the tree level potential) is essentially equivalent to rescaling the overall SUSY mass scale by a factor m h /m tree h , which helps naturalness. We consider the three main bounds on sparticles, that can be roughly summarized as follows:
1) The LHC bound on (mainly) the gluino and squark masses is plotted in fig. 2a . 1 We find that this bound alone excludes about 99% of the CMSSM parameter space.
2) LEP tells that all charged sparticles (charginos, sleptons, stops...) are heavier than about 100 GeV, unless they are quasi-degenerate with the lightest supersymmetric particle. Such bounds alone excluded about 90% of the CMSSM parameter space [1] .
3) The LEP bound on the Higgs mass (m h > 114 GeV in the SM) is potentially even stronger but it is not robust and deserves a dedicated discussion.
As well known, the bound on the Higgs mass can exclude the whole MSSM, because the MSSM predicts at tree level a higgs lighter than M Z and at loop level a higgs lighter than about 125 GeV. The precise value logarithmically depends on the sparticle mass scale; we compute it using our own code and using the more precise SoftSusy code [8] . However, one can modify the MSSM to increase the predicted higgs mass (e.g. adding a singlet as in the NMSSM), avoiding the fine-tuning price of the higgs mass bound (and alleviating the whole fine tuning [9] ). Furthermore, in regions of the MSSM parameter space with µ ∼ M Z and large tan β the higgs coupling to the Z is reduced and a weaker bound m h > ∼ 100 GeV applies. More generically, the bound on the higgs mass can be weakened (down to about 100 GeV) modifying the theory such that the higgs has new dominant decay modes which are more difficult to CMSSM dynamical m SUSY Figure 3 : As in the previous figure 2a, but assuming that the sparticle mass scale is dynamically determined by minimizing the MSSM potential [13] , such that it is naturally heavier than M Z . see experimentally, or which have not been experimentally studied [10] . Summarizing, many models can alleviate the fine-tuning problem related to the higgs mass.
The motivation for such models gets now washed out by the LHC bound, which has nothing to do with the higgs mass. Table 1 shows that naturalness remains a problem, even if one can circumvent the bound on the higgs mass.
In its last column we stick to the CMSSM and approximate the LEP bound m h > 114 GeV as m th h > 110 GeV, where m th h is the higgs mass as computed by state-of-the-art codes [8] , that have a theoretical uncertainty estimated to be about ±3 GeV. With such a bound the allowed fraction of the CMSSM parameter space decreases down to about 0.3%. The other scans (eq. (3) or eq. (4)) would give lower comparable fractions of allowed parameter space.
Conclusions
LHC data sharpen the "little hierarchy problem" of supersymmetry. Various tentative solutions were proposed. The simplest solution, a gluino lighter than what predicted by unification [11, 1] , seems now excluded by the new LHC bound.
It is maybe useful to see the problem in this way: in SUSY models renormalization effects from the Planck scale down to the weak scale can radiatively break the weak symmetry, making the determinant of the squared higgs mass term negative below some scale Q 0 which in principle is anyway between the weak and Planck scales: the little hierarchy problem means that breaking of the weak gauge group happens at the last moment, Q 0 ∼ v [2] .
Therefore, one possible interpretation is that the Higgs is the pseudo-Goldstone boson of some symmetry broken at some scale Q 0 around the weak scale; however concrete models often look less plausible than the fine-tuning they avoid [12] .
Another possibility considered in [13] is assuming that the overall scale of soft supersymmetry breaking is dynamically fixed by minimizing the weak part only of the potential (this assumption looks implausible, as recognized in [13] ), such that the SUSY scale must be just below Q 0 ; the precise computation gives a neat prediction of the form m SUSY ≈ 4πM Z /12, where 4π is a loop factor and the factor 12 counts the spins and colors in the most relevant diagram [13] . Applied to the CMSSM model such prediction is plotted as dashed line in fig. 1 : it lies around the present allowed/excluded border. Fig. 3 shows the naturalness scan in the full parameter space: we see that even in this case LHC probed most of the parameter space. LEP tested SUSY masses around the Z mass, and now LHC reached the next milestone, testing SUSY masses a loop factor above the Z mass.
Maybe the weak scale is small due to anthropic selection, and attempts of keeping it technically small are like attempts of dragging the aether. The scenario of [13] was reconsidered in [14] with a different motivation: the authors imagine a supersymmetric multiverse where for some unknown reason the weak scale is "almost never" broken (Q 0 m SUSY ), such that Q 0 ∼ m SUSY is "more likely". The qualitative expectation is similar to the prediction of [13] , but m SUSY can be made heavier by order one factors making the "almost never" stronger, at the price of making MSSM vacua more rare than the SM with an unnaturally light higgs.
All these beautiful ideas and the history of the Michelson-Morley experiment teach us that a negative experimental search can have deep theoretical implications.
"History repeats itself, first as tragedy, second as farce". Karl Marx
